The structure and magnetocaloric properties of SmNi 2 intermetallic material has been studied by X-ray diffraction and magnetic measurements. Rietveld refinements and energy dispersive X-ray spectroscopy detector show that the SmNi 2 intermetallic is single phase. This intermetallic adopts the MgCu 2 structure type of cubic Laves phase (space group Fd3m ) and stabilizes without vacancy in Sm site. The magnetic properties and the entropy change have been investigated by the magnetic measurements. The compound obeys to the second-order magnetic phase transition. The Curie temperature of SmNi 2 is determined by the minima of dM/dT. The magnetocaloric effect has been estimated using two different approaches, the thermodynamic Maxwell's relation and the Landau theory. These studies are discussed in terms of magnetocaloric effect (MCE). The maximum value of the magnetic entropy ( ΔS M ) is equal to 1.82 J/kg K and the relative cooling power for SmNi 2 is equal to 23.5 J/kg. Besides, the MCE analysis proves a contribution of the magnetoelastic coupling to the entropy change.
Introduction
Intermetallic materials combining rare-earth elements are attractive alloys due to their good magnetic and magnetocaloric properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . A systematic study on constitutional properties of compounds formed by Sm, Fe and Ni has been determined in our team, phase equilibria analyses have been performed, and ternary phase diagram of the Fe-Ni-Sm system at T = 800 °C has been derived [10] . According to this ternary system, we have chosen the SmNi 2 among the binary formed in this phase diagram, for a structural and magnetocaloric study.
The study of the structural properties of intermetallic compounds [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] shows abundant structural versatility shown by the large number of different phases, such as Zintl phase and the Laves phase. In the last decade, interest in Laves phases (RM 2 ; R: rare earth and M: metal transition) has grown significantly from practical. These materials have been massively studied as potential candidates for functional materials, for instance: superconducting materials [21] and hydrogen storage materials [22] .
The Laves phase with a stoichiometry AB 2 is purely based on the geometry of the crystal structure and implies that the atomic-radius ratio of the A and B atoms, r A /r B , equals: (3/2) 1/2 = 1.225. These phases crystallize in three structure types: MgCu 2 (C15) type structure, type structure MgZn 2 (C14) and MgNi 2 type structure (C36) [23] . It was usually assumed that the RNi 2 crystallize in the cubic C15 Laves phase structure type. The CeNi 2 , GdNi 2 and TbNi 2 compounds were obtained by using X-ray diffraction and microprobe analysis by Paul-Boncour et al. [24] . For R = La, it's better to put this rare earth in defects to stabilize the structure, whereas for the other R. In addition, the nickelrare earth compounds are very complex, several invariant reactions occur at very close temperatures and in small composition ranges. The formation and structure of the RNi 2 phases have already been reported in the literature for R = Sc [25] , Y [26, 27] , La, Ce [28, 29] , Pr, Sm [30] , Gd [31, 32] , Tb [32] , Dy [30, 31] , Er [30] and Yb.
The RNi 2 systems ordered ferromagnetically at low temperature [33] . The exchange interaction among the rare earth and nickel moments is weak; the T C varied from 7 K in ErNi 2 up to 75 K in GdNi 2 . In addition, the RNi 2 (R = Nd, Gd, Tb) intermetallic compounds presented an important calculated magnetocaloric effect [34] .
In the literature, the intrinsic magnetic property (T c ) has been studied by Buschow et al. [33] , so it is necessary to optimize and detail this result, and to investigate the extrinsic magnetic properties.
The aim of this work is to synthesize a SmNi 2 single phase, without impurity, by arc-melting and to study the structure, magnetic and magnetocaloric properties of this material. Magnetic measurements were carried out, which were used to calculate the isothermal magnetocaloric entropy using the Maxwell's relation. Using the Landau theory for the phase transition, the MCE of SmNi 2 was interpreted with magnetoelastic and magnetoelectric couplings.
Experimental Details
The alloys were synthetized by using pure elements (99.9 wt%). samarium, and nickel were melted under a high purity argon atmosphere, in order to prevent oxidation, by using an electric arc furnace with a non-consumable tungsten electrode. To ensure a good homogeneity, the ingots were turned over and remelted several times. After that, the alloys were wrapped in tantalum foil and vacuum-sealed in a silica tube. The sealed tube was then heated at a temperature of 1073 K for 1 week to improve the atomic diffusion kinetics and to ensure the homogeneity and a good crystallinity. This thermal treatment was then stopped by quenching the samples in cold water.
The final product was characterized by powder X-ray diffraction on a Bruker diffractometer using copper radiation to determine the crystallographic structure and to identify the present phase. The data of SmNi 2 was analyzed and refined with the Rietveld method [35] using Fullprof code [36] as a single-phase pattern. The atomic occupations were set in term of formula and refined in this work to ensure that we don't have any vacancy in the Sm occupancy. The energy dispersive X-ray system (EDX) was also used to confirm the compositional analysis.
The magnetic and magnetocaloric measurements of the sample were carried out using the PPMS9 (Quantum Design), at low temperature, under an applied field up to 5 T.
Results and Discussion

Crystal Structure
The crystalline structure determination of our sample was obtained from powder X-ray diffraction analysis. We plot in Fig. 1 typical X-ray diffraction patterns for SmNi 2 sample including the observed and calculated profiles as well as the difference profile. The final R B and R F showed very low value that should be satisfactory, and the observed and calculated diffraction patterns closely matched. The high quality of the refinement is confirmed by the fit indicator χ 2 , R F (R factor ), R B (R Bragg ) which do not exceed 1.63, 2.27 and 2.88, respectively. All peaks are indexed as the Laves structure without any impurity peaks. It is clear from the diffraction pattern that the sample synthesized is a single phase. The structure refinement was carried out by the Rietveld analysis. The SmNi 2 compound crystallizes in the centrosymmetric cubic space group Fd3m with eight formula units in unit cell (Z = 8). The unit cell parameter is a = 7.2369 (3) Å and the unit cell volume is V = 3.7900 (10) Å 3 . The atomic numbers of Sm and Ni are equal to (Z = 62) and (Z = 28), respectively. The refinement of the occupancy rate of the 8a and 16d sites leads to a SmNi 2 composition.
In order to retain the ratio and the stability of MgCu 2 -type cubic Laves phase structure (C15-type, Space group Fd-3 m, number 227), we determined by the Rietveld refinement that the 8a site was completely filled by Sm atoms, without leaving vacancies in this site. However, Gratz et al. have established the existence of SmNi 2 at room temperature [37] ; it crystallizes in a superstructure of the cubic Laves phase (space group F43m ) with regular R vacancies and a doubled lattice parameter (a = 14.67 Å). It was usually assumed that RNi 2 , or better, R 1−x Ni 2 phases (x around 0.05) adopts the cubic C15 Laves phase structure type. Therefore, the presence of the defects in this type of structure has been determined for R = La, Ce, Y, Sm, Gd, Tb and Yb, see for instance [23, [37] [38] [39] .
The difference between the ideal cubic C15 structure (stable at high temperature) and the cubic superstructure (Stable at room temperature) marked by a double-cubic unit-cell parameters and by the vacancies on the rare earth sites, was performed for the following rare earth: R = Ce [40] and Y [39] . This transition temperature was studied for several rare earth atoms R by Gratz et al. [37] ; and it was also determined that the pure Laves phase C15 type can be stabilized, under pressure, up to room temperature. Figure 2 shows the crystal structure of SmNi 2 compound, the tetrahedral group of four Ni atoms can be considered as one unit. The lengths of all Ni-Ni bonds are equals to 2.559(2) Å. Ni atoms are localized in the corners of tetrahedra in this structure. The Sm atoms are a face-centered structure and are arranged relative to one another. This unit cell is constituted of 8 octants; Sm atoms occupy 4 octants, the other 4 octants are occupied by the 4 Ni tetrahedrons.
Magnetic Properties
The temperature variation of magnetization M(T) was measured under an applied field 0.05 T in the range 10-100 K. The temperature variation of the magnetization shows the existence of a ferro-paramagnetic transition at T c = 21 K (Fig. 3) , which is defined as the inflection point of M(T) curve. The Curie temperature and the unit cell parameters (a, V) of our material are in accord with the result founded in the literature [41] .
For the RNi 2 (R = Nd, Tb, Dy, Ho), the T C of these intermetallics are 9 K, 40 K, 22 K, 16 K, respectively. This difference depends to the interaction between R-Ni and Ni-Ni in the structure and depends on the nature of R elements and the interatomic distance. Figure 4 displays the temperature variation of cooling and heating magnetization for SmNi 2 under a magnetic field of 0.05 T. Around T C = 21 K, the magnetization changes abruptly and without thermal hysteresis between cooling and heating curves is observed. This behavior shows that our sample has a second order ferro-paramagnetic transition. + 0 from 100 K temperature to 24 K with C = 0.0113 (μ B K/T)), 0 = 0.06 and θp = 24 K close to expected, where is the molar magnetic susceptibility. The effective moment of Sm is equal at 0.85 µ B , we noticed that the value of the μ effExp of the SmNi 2 compound is about 0.30 µ B . It is almost a reduction of 37%. Generally speaking, those compounds which have a rare earth with large orbital angular momentum exhibit a substantial reduction in observed moment, due to the large anisotropy and the polycrystalline nature of the sample. The reduction is especially noticeable for rare earths with c-axis anisotropy, especially Sm with an observed moment about 55% of the limiting value. In addition, at low temperatures, this difference may be due to the presence of spin-orbit coupling only for samarium, and the nickel is nonmagnetic [7, 42] , the Ni atoms behaves like diamagnetic element, so made a magnetic dilution for our compound. In this study, the positive value of θp = 24 K reveals that the ferromagnetic interactions are dominated.
Magnetocaloric Effect
We have calculated the ΔS M values by two different methods and we have found a perfect concordance between the two methods, the thermodynamic Maxwell's formula and the Landau theory.
For T < T C , we observed, for our synthesized sample, a typical behavior of ferromagnetic sample, the magnetization at low temperature increases sharply up to 5 kOe and then saturates. The magnetic saturation increases with decreasing temperature (Fig. 6 ). For T > T C , SmNi 2 shows paramagnetic behavior and the M(H) curves become progressively linear.
The entropy change is the heating or cooling of magnetic materials when they are exposed to magnetic field variations. The compound defined by the temperature change ΔT ad during adiabatic process and by the entropy changes ΔS M during isothermal process. Figure 5 shows the isothermal magnetization curves around T C during the field increasing process. At the same temperatures and magnetic field, the value of magnetization is different. The magnetization M at low temperature changed with the applied magnetic field. The shape of M-H curve is also distinct especially around T C . At low temperature and in magnetic field of 20 kOe, the magnetization becomes saturated.
Using Maxwell's relations, the MCE are derived from the magnetization isotherms measured at several temperatures. According to Pecharsky and Gschneidner [43] , the magnetic entropy changes could be expressed by the following relation:
(1)
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Fig. 5 Magnetization evolution vs magnetic applied field at different temperatures for SmNi 2
And can be obtained from magnetic measurements by integration of (dM/dT) from H = 0 to H max = 50 kOe. One can obtain the following expression:
where M is the magnetization, T is the temperature and μ 0 H max is the maximum external field.
The isothermal magnetization curves around T C , given by the present work, reveal that the aforementioned condition is satisfied. So, using the Maxwell relation to evaluate the ΔS M of SmNi 2 is reasonable here. Magnetic measurements allowed us to determine the only reliable magnetic entropy change near the transition temperature.
Therefore, for (dM/dT) peaks at the ordering temperature, the field variation of the magnetization, M(H), at several temperatures around the Curie temperature displayed Fig. 5 . The results of ΔS M calculations for the field of 1-2-3-4-5 T vs the temperature are presented in Fig. 6  (2D and 3D) .
We notice that our sample displays a large MCE with increasing magnetic applied field. The maxima in ∆S M versus T in a magnetic field of 5 T correspond to about 1.82 J/kg K at a temperature about 21 K. To evaluate the magnetic cooling efficiency, it is important to determine the relative cooling power (RCP) for the SmNi 2 ; this parameter is considered to be another important requirement of a potential magnetic refrigerant. The RCP, defined as a cooling capacity of [ 44] , is calculated by numerically integrating the area under the | | −ΔS M | | = f (T) curve, where T1 and T2 are the temperatures at half maximum of the peak taken as the integration limits. The RCP results are estimated to be 23.5 J/Kg for SmNi 2 , under the magnetic field changes of 5 T.
The magnetocaloric properties of SmNi 2 and other refrigerant materials with low temperature magnetic order are listed in Table 1 .
The nature of the magnetization could be determined using the Banerjee criterion [48] , therefore, we plot M [49] found that the strong dependence of b(T) coefficient on temperature indicates the existence of magnetoelastic coupling and thus it should contribute to ΔS M .
The magnetic entropy change is determined from:
where a′(T), b′(T) and c′(T) are the derivatives of the Landau expansion coefficients. The Fig. 9 shows the theoretical end experimental entropy for SmNi 2 material under ΔH ~ 5 T. The dotted line (green) represents the experimental data and the red line shows the result derived using the Landau theory for phase transition.
A comparison of the two (− ΔS M (T)) plots, shows that experimental data are in good agreement with the calculated curve. This result corroborates the existence of 
Conclusion
In summary, the structure, magnetic and magnetocaloric properties of SmNi 2 powder sample have been investigated. The stability of our compound has been realized without vacancies in the atomic percent of Sm. Our sample shows a ferro-paramagnetic transition when the temperature decrease. At an applied magnetic field of 5 T, we have obtained │ΔS M (max)│ and RCP values of 1.82 J/kg K and of 23.5 J/kg, respectively. The calculated and measured ΔS M were in good agreement. This results corroborates the existence of the magnetoelastic coupling and its contribution for the magnetic entropy.
